All over the world, particularly in severe environmental conditions, there are reinforced concrete structures that develop nonnegligible phenomena of durability problems. Most of the durability problems are related to hazardous substances invasion. Both engineering practice and scientific studies have revealed that the transport property of near-surface concrete is a main factor in the durability of concrete structures. Among many transport parameters, the chloride ion diffusion coefficient is the most important one, which provides important information on material design and service life prediction. In this paper, AC impedance spectroscopy technology was employed in the measurement of chloride ion diffusion coefficient. The relationship between mesostructure parameters and chloride ion diffusion coefficient was deduced by introducing a reasonable equivalent circuit model. Taking into account the conductivity difference caused by various cementitious material systems, the diffusion coefficient can be corrected, and a diffusion coefficient determination method based on AC impedance spectroscopy technique was established. For the convenience of application, a relationship between the newly proposed method and a widely recognized standard method was obtained. The proposed method can be applied to laboratory testing and establishes the theoretical basis for field tests.
Introduction
Durability of concrete structures is one of the unsolved problems in the field of civil engineering and is an international research concern [1] . Durability problems are largely caused by the intrusion of external hazardous substances, which means that the transport property of near-surface concrete is an important aspect that affects durability [2] . A generally accepted fact is that transport property is essentially determined by the mesostructure.
Concrete is a typical porous material. Its pore system includes C-S-H gel pores, capillary pores, microcracks, and micropores. Many ions, such as Ca 2+ , Na + , K + , OH − , Cl − , and SO 4 2− , exist, which constitute a complex dynamic electrochemical system. Under AC excitation, the system exhibits a characteristic of a resistor-capacitor combination, and the mesostructure can be studied by using AC impedance spectroscopy.
To separate the desired mesostructure parameters from measured impedance data, researchers have proposed a number of equivalent circuit models [3] [4] [5] [6] [7] [8] . Some model parameters can be obtained through numerical fitting by using measured data and a preset equivalent circuit model. These parameters can be used as quantitative characterization of the mesostructure and hydration degree of cement-based material.
Concrete Mesostructure and Equivalent Circuit Model
The selected scale should not be small when considering the role of pores in ion diffusion. The C-S-H gel pore does not contribute to permeability. Therefore, only the capillary pores and the pores between C-S-H gels were considered. Basically, three conduction pathways exist for alternating current in concrete, that is, continuous conduction, discontinuous conduction, and the so-called "insulating" conduction paths. The continuous conduction path is a series of connected capillary pores or connected microcracks. If the pore connectivity is cut off by cementitious material or its hydration products, the discontinuous conduction path is formed. In addition to continuous and discontinuous conduction paths, isolated cementitious material particles and their hydration products or even the entire solid concrete block can also be conductive for alternating current. Based on the above considerations, the concrete mesostructure for AC conducting can be described in Figure 1 . The equivalent circuit model that corresponds to Figure 1 can be expressed as
where 1 is the impedance of the "insulating" conduction path, 1 = 1/( mat ), and mat is the capacitance of the test block; 2 is the impedance of the discontinuous conduction path, that is, the sum of the capacitance of the discontinuous point and the resistance of the cut-off continuous conduction path, 2 = CP + 1/( DP ), CP is the resistance of the cutoff continuous conduction path, and DP is the capacitance of discontinuous point; and 3 is the resistance of continuous conduction path, 3 = CCP .
According to basic circuit theory, the equivalent circuit described in (1) can be converted to a circuit shown in Figure 2 .
The conversion relationship of the two equivalent circuits is shown in A parallel combination of a capacitor and a resistor produces a semicircle in the Nyquist plot. Therefore, two semicircles should appear on the plot of the equivalent circuit shown in Figure 2 . Figure 3 shows the relationship between the resistance parameters and the location and size of the semicircles.
Taking into account the second equation in (2), the resistance of the continuous conduction path is the intersection point of the right semicircle with the real axis. However, the Nyquist plot of the measured impedance of cementbased materials does not have two semicircles, but often, only a semicircle appears. The left arc does not occur, which indicates that 0 is much less than 1 . Thus, the diameter of the left arc is very small with respect to the right arc, and therefore, the left arc is not visible; Cabeza et al. [3, 7] proved this point. Thus, the equivalent circuit can be further simplified as shown in Figure 5 , which also shows the corresponding Nyquist plot.
The above discussion indicates that CCP , which is the parameter that characterizes the interconnecting porosity that is most relevant to permeability, can be linked with measured impedance spectroscopy. 
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Relationship between AC Impedance Parameters and Permeability
The relationship between AC impedance parameters and permeability can be established in two ways. An empirical relationship between the two can be mathematically regressed by conducting a large number of experiments. However, the disadvantage of this approach is the lack of reliable theoretical basis. Another way to derive some kind of quantitative relationship between the two is through theoretical derivation. This paper adopted the latter approach.
Einstein and Smoluchowski presented an equation on the diffusion of charged particles in solution in 1905 and 1906, respectively; this equation is known as the EinsteinSmoluchowski equation [9] , which is shown as follows:
where is the ion mobility (m 2 /(V⋅s)); is the Boltzmann constant (1.38 ⋅ 10 −23 J/K); q is the charge carried by ions (C); and is the absolute temperature (K). Through the relationship among the Boltzmann constant, the Avogadro constant ( ), the Faraday constant ( ), the elementary electric charge ( ), and the universal gas constant ( ), that is, = / , = , and = , where is the absolute value of valence, (4) was obtained:
As for the most significant chloride ion diffusion coefficient Cl − , which is directly relevant to the durability of reinforced concrete structures, (4) can be specifically written as [9] Cl
To use (5), a certain concentration of chloride solution must be introduced, and chloride ion mobility must be considered. In AC impedance spectroscopy testing, the measured resistance (or resistivity, conductivity) is a result of the joint action of various ions in a pore solution. To obtain the chloride ion diffusion coefficient, the contribution of chloride ions to the conductance needs to be separated from the total conductance. To achieve this, a 1 mol/L NaCl solution was used to saturate a concrete test block to weaken the influence of other existing ions. Thus, the conductivity expression, = ∑ , where is the concentration and is the activity coefficient ( = 1), can be written as
To further differentiate the contribution of chloride ions and sodium ions to the conductance, the contribution percentage of chloride ions is 61%, which is close to that of an infinitely diluted sodium chloride solution (60.4%), under the conditions of 25 ∘ C and 1 mol/L concentration; this information was verified by consulting a chemistry handbook. Combining (5) and (6) obtains
Taking into account the relationship between resistance ( ), conductivity ( ), and cell constant ( = / , where is the thickness of the test block and is the contact area of the electrode and the test block), (8) is obtained: Therefore, the relationship between chloride ion diffusion coefficient and the interconnecting pore resistivity can be expressed as
In (9), the influences of other ions on chloride ion diffusion coefficient determination have been largely removed. To further eliminate these effects, some pastes (water-binder ratio = 10) were prepared, and the cementitious material that was used is as follows: fly ash + Portland cement (cement replacement level is 20%, 40%, and 60%, resp.), slag + Portland cement (cement replacement level is 25%, 50%, and 75%, resp.), and silicon fume + Portland cement (cement replacement level is 5%, 10%, and 15%, resp.). The chemical compositions of cement and mineral admixtures are listed in Table 1 .
A conductivity cell with a length of 6.92 cm and an electrode area of 9.62 cm 2 was also made. This experiment aims to investigate the influence of different pore solutions caused by different cementitious materials used on conductance. Strictly speaking, to carry out pore solution conductivity tests, the pore solution should be squeezed out of the concrete block. However, given the complexity of the required equipment and the limited amount of the extracted pore solution, this research adopted the simulation approach by measuring high water-binder ratio paste that was prepared by using various cementitious materials. Before the age of 7 d, the paste will not solidify by shaking the container several times every day. The paste solution was shaken for 5 minutes the day before the test and then left undisturbed for 24 h. Then, the upper solution was taken and injected into the conductivity testing cell. The frequency of the alternating current is 2000 Hz, and the test ages are 28 and 90 d. Figure 6 shows the test results. Figure 6 shows that the addition of mineral admixtures reduces the concrete pore solution conductivity. As generally accepted, the most important factor that influences permeability is connected porosity rather than pore solution conductivity. To further eliminate the influence of other ions on AC impedance testing for chloride ion diffusion coefficient determination, a correction factor can be introduced. To perform this step, the correction factor of ordinary Portland cement concrete can be set as a benchmark. For concrete that uses other cementitious materials, the correction factor may be determined by interpolation in accordance with Table 2 . Table 3 shows the concrete mix that was used in the experiment. First, Φ100 mm × 300 mm cylinder test blocks were prepared for the experiment. Steel mold was removed one day after pouring, and then concrete cylinders were cured for 28 or 90 d before being cut into Φ100 mm × 50 mm blocks for vacuum saturation (using 1 mol/L NaCl solution, the saturating regime is the same as that of ASTM C1202).
Experimental Studies
Then, a 100 mm × 100 mm stainless steel plate was adopted as the electrode. To ensure close contact between the electrodes and the concrete surface, soaked filter papers (using 1 mol/L NaOH solution) were introduced. Prepressure was applied to the electrodes by using screw caps. Agilent 4294A precision impedance analyzer was employed (see Figure 10) , and the test frequency is 40 Hz to 40 MHz. Five Journal of Engineering 5 test points were measured for each order of magnitude. The test block, electrode, electrode installation, and impedance analyzer are shown in Figures 7-9 , respectively. Figure 11 shows the AC impedance spectroscopy test result of the C0 test block (90 d).
To verify the validity of the measured impedance data, a validation check by using linear Kramers-Kronig test [10] was conducted. Figure 12 shows the validation results of typical ordinary Portland cement concrete, cement + fly ash composite binder concrete, cement + slag composite binder concrete, and cement + silica fume composite binder concrete.
In Figure 12 , the abscissa axis represents the frequency, and the ordinate axis on both sides represents the residuals Journal of Engineering 7 of Voigt model fitting. Equation (10) is used to calculate the residuals:
where Re and Im are real part and the imaginary part of the measured impedance, respectively, and Re-cal and Im-cal are the fitted values obtained by using the Voigt model. Small residuals correspond to better validity. Only measured data that passed the Kramers-Kronig test can be used for further numerical fitting. Figure 12 shows that the obtained impedance data shows good validity, which can be attributed to the measures employed in this section. Moreover, the repeatability of the test data is good because of reliable close contact between the test block and the electrodes.
Parameters 0 , 1 , and 1 can be obtained through numerical fitting of the measured impedance data and the preset equivalent circuit shown in Figure 5 . The chloride ion diffusion coefficient can be calculated by using CCP = 0 + 1 and (9).
The method of determining chloride ion diffusion coefficient based on the AC impedance technique is performed as follows:
(1) Prepare Φ100 mm × 50 mm specimens and conduct vacuum Cl − saturating using 1 mol/L NaCl solution (the saturating regime is the same as that of ASTM C1202).
(2) Carry out AC impedance testing to obtain impedance spectroscopy data.
(3) Perform data validation.
(4) Obtain CCP from equivalent circuit fitting.
(5) Calculate chloride ion diffusion coefficient using (9).
(6) Modify the diffusion coefficient according to the cementitious material that was used.
The rapid chloride permeability test ASTM C1202 has been adopted as national standard by many countries, including China, the United States, and Canada. The ASTM C1202 method specifies the rating of chloride permeability of concrete based on the charge passed through the specimen during 6 h of testing period. ASTM C1202 tests that use the same concrete blocks were conducted to perform a comparison. Figure 13 shows the relationship between chloride ion diffusion coefficients obtained from impedance-based technology and 6 h electric flux. A linear correlation ( C1202 = 930 × Cl − ,) between the rapid chloride permeability test and the proposed method was obtained, with a correlation coefficient of 0.9; see Figure 13 for details.
As can be seen from Figure 13 , some data points deviate from the straight line. As reported by Shi [11] , the ASTM C1202 method is virtually a measurement of electrical conductivity of concrete, which depends on both the pore Figure 13: Relationship between chloride ion diffusion coefficient using ACIS and 6 h electric flux from ASTM C1202 tests.
structure characteristics and pore solution chemistry of concrete. Supplementary cementing materials such as silica fume, fly ash, and ground blast furnace slag may have a significant effect on the chemistry or electrical conductivity of pore solution, depending on the alkali content of the supplementary cementing material, replacement level, and age, which has little to do with the chloride permeability. ASTM C1202 method is susceptible to pore solution conductance. However, the proposed method eliminates the effect of pore solution conductivity on permeability by using a carefully designed technique. This effect may be an important reason for the moderate correlation between the two methods.
Conclusions
(1) High-frequency AC impedance spectroscopy can reflect the mesostructural properties of materials, which enables us to indirectly study the permeability of concrete. An equivalent circuit model with a clear physical meaning was adopted through an investigation of AC conduction paths in concrete. Through numerical fitting of the Nyquist plot of the measured impedance spectroscopy and a preset model, a parameter that characterizes diffusion resistance that depends on the interconnected porosity and pore solution conductivity was obtained. Based on the Einstein-Smoluchowski equation, the chloride ion diffusion coefficient was derived, and the proposed formula was modified to eliminate the influence of pore solution conductivity on diffusion coefficient measurement. Then, an accurate formula that reflects chloride ion diffusion resistance was obtained.
(2) With test block size, specimen pretreatment, impedance test parameters, equivalent circuit selection, and diffusion coefficient formula modification taken into consideration, a method of determining the chloride ion diffusion coefficient based on AC impedance spectroscopy was established. In addition, the test procedure was summarized for practical purposes.
